Abstract: Rift-related strain localization in spinel lherzolite from an exhumed passive continental margin in the Southern Alps involved two stages. (1) Critical fracturing coincided with heterogeneous nucleation of plagioclase, olivine, and hornblende aggregates to form discrete, ultrafine-grained (0.5-0.6 pm) shear zones oriented at high angles to the pre-existing foliation in the host rock. The syntectonic replacement of spinel lherzolite by lower pressure, plagioclase-hornblende lherzolite documents extensional exhumation under high temperature (700-900°C) conditions accompanied by limited fluid infiltration. Deformation involved a combination of dislocation creep (ol) and diffusion-accommodated viscous granular flow (plag, ol, hbl aggregates). (2) Hydrous deformation at lower temperatures (200-400 °C) involved the formation of serpentine-chlorite mylonite and cataclasite along discrete, anastomozing shear zones oriented at low angles to the pre-existing foliation. Both stages involved drastic weakening, particularly once the shear zones coalesced subparallel to the extensional shearing plane. The top of the lithospheric mantle was initially strong, but is inferred to have become weaker than both the underlying mantle and the overlying mafic lower crust. The interconnection of such strong-then-weak delamination zones to form trans-lithospheric extensional shear zones accelerated rifting and led to the exhumation of subcontinental mantle during the late stages of continental breakup.
Mantle rocks are exhumed beneath non-coaxial extensional shear zones in rifted continental margins (Lemoine et al. 1987; Lister et al. 1991) and slow-spreading ocean ridges adjacent to ocean transform faults (Karsons 1991; Tuscholke & Lin 1994) . In both settings, deformation is localized at the lithospheric scale, such that extensional strain is transferred from breakaway normal faults bounding asymmetrical rift basins in the upper crust down to mylonitic shear zones in the lower crust and mantle (Wernicke 1985; Lemoine et al. 1987) . The geometry of these faults within the crust is partly constrained from structural studies of exposed crustal sections (Brodie & Rutter 1987a; Handy 1987) and reflection seismological experiments (McGeary & Warner 1985; Reston 1987; Keen et al. 1991) , but the mechanisms triggering their nucleation and growth at depth, particularly within the mantle, remain enigmatic. The inaccessibility of active mantle shear zones coupled with their poor resolution in reflection seismological profiles obviously limit our ability to use large-scale geometry at depth as a reliable guide to mantle rheology.
Most models of strain localization harbour the assumption that strain localizes either within preexisting weak lithologies of a compositionally and rheologically stratified lithosphere (e.g. Ranalli & Murphy 1987) or where a weak mechanical phase nucleates within a stronger lithology (e.g. Kirby 1985) . In this paper, we term these two types of weakness, respectively, 'inherited weakness' and 'induced weakness'. Although there is consensus that localization results in bulk weakening once weak zones coalesce, some experimental and theoretical studies show that the onset of localization can also involve hardening if deformation is dilatant or involves a dilational component (Hobbs et al. 1990 ). This raises the possibility that large-scale shear zones initiate not in weak layers of the lithosphere, but in strong or preferentially stressed layers where dilational processes like cataclasis and metamorphic phase transformation are favoured.
To date, evidence for this hypothesis is equivocal. Microstructural studies of upper mantle rocks exposed at the surface reveal that most strain in the upper mantle is accommodated by viscous creep mechanisms Newman et al. 1999; Furusho & Kanagawa 1999) . Although fracturing has been identified as a potential localization mechanism in upper mantle rocks (Handy 1989; Vissers et al. 1997) and brittle precursors of mylonitic shear zones are ubiquitous in crustal rocks (Mitra 1978; Dixon & Williams 1983; FitzGerald & Stfinitz 1993; Evans 1991; Wibberley 1999; Wintsch et al. 1995) , fractures formed at high temperatures just 388 M. R. HANDY & H. STONITZ prior to and/or during mylonitization are rarely preserved. Most fractures are associated with late mylonitic or post-mytonitic deformation rather than with the onset of mylonitization. Strain localization is therefore usually attributed to progressive dynamic recrystallization, in some cases enhanced by a transition to grain-sizesensitive creep mechanisms like diffusion-accommodated viscous granular flow (Vissers et al. 1995; de Bresser et al. 2001) . The interconnection of such shear zones is believed to weaken the lithosphere during rifting (Handy 1994; Vissers et al. 1995) , although the extent of this weakening is debatable.
In this paper, we present evidence that extensional shear zones in ultramafic rocks of the former rifted Apulian continental margin (southern Alps) nucleated in the upper mantle as dilatant shear fractures under fluid-deficient conditions. These fractures are shown to have been nuclei for discrete shear zones containing ultrafine-grained aggregates whose syntectonic mineral assemblage documents decompression during extensional exhumation. Based on an analysis of grain size, distribution and shape characteristics, we discuss the probable deformation mechanisms in these aggregates and the implications thereof for strain-dependent changes in the rheology of the lithospheric mantle in non-volcanic, rifted continental margins. In the final section, we integrate these findings with previous work to propose a qualitative mechanical model for distal parts of the rifted Apulian continental margin.
Geological setting
Structures and metamorphism related to Mesozoic, Tethyan rifting are preserved in several circum-Mediterranean mountain belts, where lower continental crustal and upper mantle rocks were exhumed in the footwall of large extensional faults prior to their incorporation within these Tertiary orogens Vissers et al. 1995 and references therein) . These pre-orogenic structures are also well preserved and accessible in the Ivrea-Verbano Zone, located in the westernmost part of the Southern Alps (Fig. l a) . The shear zones investigated in this paper transect the Balmuccia ultramafic body, one of several ultramafic bodies within the northwestern margin of the IvreaVerbano Zone.
The Ivrea-Verbano Zone is what was originally the deepest part of a fragmented piece of Paleozoic continental crust, the Ivrea crustal section (Fig. lb) . This crust was attenuated first during Early Permian transtensional tectonics, but especially during Early Mesozoic rifting (Handy & Zingg 1991) . Shallower to intermediate levels of this rifted continental crust are exposed in adjacent units to the SE (Strona Ceneri Zone) and NW (Sesia Zone, Fig. 1 ). Tertiary tectonics, primarily related to transpression along the Insubric Line (Fig. 1) , verticalized the lvrea-Verbano Zone, essentially exposing a cross section of the intermediate to lower continental crust at the surface (Zingg et al. 1990; Handy et al. 1999 and references therein) . In the Ivrea crustal section, this Tertiary deformation was brittle and did not destroy the penetrative we-Tertiary (Early Mesozoic and earlier) fabrics and mineral assemblages (Schmid et al. 1989) .
The Balmuccia ultramafic body ( Fig. 2 ) comprises mostly peridotite (spinel lherzolite) with subordinate pyroxenite bands (e.g. Rivalenti et al. 1981) . It forms the intrusive base of a layered mafic complex (the Mafic Complex, Fig. 1 ) that itself intruded pre-Variscan mafic rocks and Carboniferous metasediments some 300-320Ma (age criteria in Handy et al. 1999; Vavra et al. 1999) . The ultramafic rocks therefore intruded at, or just above, the late Variscan (prePermian) crust-mantle boundary (Boudier et al. 1984) , which is constrained by geobarometric studies to have occupied a depth of about 34-44km at the time of intrusion (Shervais 1979; Rivalenti et al. 1981 Rivalenti et al. , 1984 Sinigoi et al. 1994) . Magmatic way-up criteria indicate that the presently vertical magmatic banding in the Balmuccia ultramafic body (Fig. 2) was subhorizontal at the time of intrusion (Rivalenti et al. 1975 ).
The shear zones described below truncate, and therefore clearly post-date the magmatic to highgrade subsolidus structures related to Variscan orogenesis (Figs 3, 4) . These latter structures include a subvertical compositional banding defined by cumulate pyroxenite layers (Fig. 4a ) and a penetrative schistosity (oriented about 275°/85 °, Fig. 2 ) locally containing a spinel mineral lineation plunging 50°-60°N. This schistosity is defined by pyroxene and spinel Rivalenti et al. 1984; Quick et al. 1994) . Equal area projection (lower hemisphere) with poles to foliation of type 1 shear zones (closed triangles) and type 2 shear zones (closed circles) with respect to the average orientation of the pre-existing compositional banding and granulite facies schistosity (open square) in a quarry of the Balmuccia ultramafic complex. Open circles are poles to cracks at the ends of type 2 shear zones.
grains aligned subparallel, or locally at low angles, to the compositional banding (Fig. 4) . The schistosity is axial planar to tight to isoclinal folds that, in other parts of the Ivrea-Verbano Zone (Steck & Ti~che 1976; Kruhl & Voll 1978/ 79) , have been attributed to heterogeneous noncoaxial shearing under amphibolite to granulite facies conditions in Early Permian time (Handy & Zingg 1991) . All of these early structures are associated with coarse-grained (1-2 ram) annealed microfabrics (Fig. 5a , Garuti & Friolo 1978/79 ) that characterize the protoliths adjacent to the mylonitic shear zones investigated here.
Rift-related structures in the Ivrea-Verbano Zone include the shear zones described below and have been mapped over an area of several hundred square kilometers (Brodie & Rutter 1987a; Handy 1987; Handy & Zingg 1991) . Anastomozing, amphibolite to granulite facies, mylonitic shear zones accommodated extension parallel to the main foliation which follows the arc of the Ivrea-Verbano Zone. These shear zones are more common in the northeastern part of the Ivrea Verbano Zone, where thermobarometric data indicate the greatest amount of crustal thinning (Handy et al. 1999) . The most prominent Early Mesozoic extensional structure is the Pogallo Shear Zone (PSZ in Fig. l a) , a l -3 km wide mylonitic belt which accommodated sinistral, noncoaxial shear under retrograde amphibolite to greenschist facies conditions within quartz-rich metasediments. We shall discuss the significance of these structures in the final section, but first analyse their temporal equivalents in the ultramafic bodies.
Structural geology of the shear zones
Shear zones in the Balmuccia peridotite are strikingly narrow (Fig. 3) . They comprise intricate strands of planar and arcuate, crack-like shear zones ranging in width from less than a mm to a few cm at most. Most of our observations were made in a quarry just above the road between the towns of Bahnuccia and Bottorno, flanked by the northern bank of the Sesia river (locations indicated by stars in Fig. 2 ). It is unfortunate that the quarry has been active intermittently over the years, so that some of the outcrops reported in this paper no longer exist.
Two types of shear zone can be discerned (Figs. 3a, b) . (1) Black shear zones form individually or as conjugate pairs which are truncated by later shear zones (Fig. 3b ) and oriented at 45 ° to 60 ° to the pre-existing compositional banding (Fig. 4a) . These shear zones contain microstructural evidence for viscous creep of olivine and pyroxenes, as described below. (2) Dark green to white, serpentine-and chlorite-bearing shear zones form long (one to several meters, Fig.  3a ), generally planar strands that strike approximately N -S and dip subvertically (Fig. 2) . These type 2 shear zones contain a very fine grained mylonitic foliation that is defined by aligned serpentine and chlorite grains. At their ends, these shear zones arc at high angles to the preexisting foliation (Figs 2, 3b) , often terminating as horsetail splays several cm to dm from the host strand.
Type 2 shear zones truncate and overprint type 1 (Fig. 3b) , and are therefore clearly younger than the latter. Indeed, the high grade assemblages in the type 1 shear zones are rarely well preserved, as they usually show various degrees of brittle overprinting. This overprint takes the form of tectonic breccia or locally even pseudotachylite and ultracataclasite.
The displacement along both types of shear zone rarely exceeds a few centimeters (Fig. 4a) , although the cumulative displacement along several strands making up type 2 shear zones is often a meter or more. The shear zones are spatially associated with vein-type pseudotachylites (Fig. 4b) , some of which contain mineralogical evidence for formation under granulite facies conditions (Obata & Karato 1995) . Most pseudotachylites, however, cut by Mark Richard Handy on January 8, 2015 http://sp.lyellcollection.org/ Downloaded from FRACTURING AND REACTION WEAKENING 393 both types of shear zones and are clearly related to late, discordant cracks.
The type 1 shear zones and associated pseudotachylites have received considerable attention over the past twenty-five years (Garuti & Friolo 1978/79; Skrotzki et al. 1990; Obata & Karato 1995; Jin et al. 1998) , and similar occurrences have been described from other ultramafic bodies further to the northeast in the IvreaVerbano Zone, especially in the Finero body (Kruhl & Voll 1978/79; Brodie 1980; Handy 1989 ) and the Premosello body (Rutter & Brodie 1988 ). Debate has centered on both the age of the shear zones (Variscan, Early Permian or Jurassic?) and on the mechanisms of strain localization leading to their growth: reactionenhanced weakening (Brodie 1980) ; geometric softening of olivine (Obata & Karato 1995) ; dynamic recrystallization coupled with a transition to diffusion-accommodated grain-boundary sliding in olivine (Rutter & Brodie 1988; Jin et al. 1998) ; or a combination of these mechanisms (Handy 1989) have been proposed as possibilities. We first address the issue of localization before turning to the age of mylonitic shearing and the implications thereof for lithospheric extensional faults.
Microstructures and mineral assemblages

High temperature
To help resolve the debate on the mechanisms of strain localization in the upper mantle, we examined a remarkably well-preserved example of a type 1 shear zone in a spinel lherzolite (Fig. 4a ). This shear zone is only 0.5 mm wide and offsets a magmatic pyroxenite band by 3.8cm. As this magmatic band is oriented at 60 ° to the shear zone, the finite strain determined from the width and displacement is 7 = (380mm/0.5 mm)cot 60 ° = 75. Despite the minor displacement, this shear strain is almost an order of magnitude greater than the shear strains determined across larger natural shear zones (e.g. Grocott & Watterson 1980) or experimental shear zones in high pressure experiments (e.g. Schmid et al. 1987; Paterson & Olgaard 2000) . Our sample is therefore a good natural laboratory for studying high-strain microstructures in upper mantle rock.
Regarded in thin section, the type 1 shear zone cuts both the foliation and individual grains in the spinel lherzolite protolith along sharp, uneven boundaries (Fig. 5b) . The shear zone contains a very fine grained matrix that envelops rounded clasts of olivine (ol), clinopyroxene (cpx), orthopyroxene (opx) and spinel (sp) (Fig.  5b) . The clasts are obviously derived from the lherzolitic and pyroxenitic protoliths.
The matrix has a weak foliation defined by microscopic laminae that are oriented parallel to subparallel to the shear zone boundaries. Locally, these laminae are buckled and form intrafoliational folds. The laminae have contrasting grain sizes and, as observed in backscattered electron (BSE) images (Fig. 6) , also have different compositions. Fine-grained (10-30 ~tm) laminae of pure olivine (ol) and of pure clinopyroxene (cpx) alternate with even finer grained (0.5-6 jam) layers of a mixture of plagioclase (plag), hornblende (hbl), olivine (ol), clinopyroxene (cpx), and orthopyroxene (opx; Fig. 6a-d) . The mixed layers extend from, or envelop, spinel and cpx porphyroclasts (Fig. 6b, c) . In the transmission electron microscope (TEM), the phases in the mixed layers have a grain size as small as 0.2 ~tm. The small grains are usually dislocation free (Fig. 7a ). The shapes of the individual phases do not vary systematically from grain to grain. This invariance of grain shape, the lack of dislocations, the very small grain size, and the dispersed distribution of these phases within the aggregate are all attributes which suggest that deformation involved viscous grain boundary sliding, probably accommodated by diffusional mass transfer along grain boundaries.
The laminae of pure ol and, more rarely, of pure cpx grains in the mylonitic matrix of type 1 shear zones occur in the vicinity of ol and cpx porphyroclasts. The matrix grains range in diameter from 10 to 30 ~tm and have formed by progressive dynamic recrystallization of these porphyroclasts. Olivine grains in these matrix laminae have moderate dislocation densities (~1014 m -2) and show well-organized subgrain boundaries (Fig. 7b ). This TEM observation, together with core mantle structures observed in the optical microscope, are diagnostic of subgrain rotation recrystallization (Poirier & Nicolas 1975) . The matrix grains with high angle boundaries are generally subequant but locally have lobate grain boundaries, indicating that some grain boundary migration recrystallization also occurred.
The ultrafine-grained plag-hbl-cpx-opx-ol layers display a weak shape preferred orientation subparallel to the shear zone boundary defined by the margins of the large cpx and spinel grains (Fig. 6c) . In most bands, however, the grains are equant and have rather straight boundaries. Some hbl/cpx phase boundaries are coherent, stepped boundaries along the b-and a-axes of both minerals (Fig. 7c) . The heterogeneous distribution of grains and presence of "D coherent boundaries indicate that clinopyroxene and pargasitic hornblende coexisted stably in these layers.
Thus, the ol and cpx within the microscopic laminae of the mylonitic matrix are interpreted to have formed by different mechanisms. Pure ol and cpx layers (10-301am) derived from the dynamic recrystallization of ol and cpx porphyroclasts, whereas very small ol and cpx grains (0.5-6~tm) in p l a g -h b l -c p x -o p x -o l layers were engendered by synkinematic mineral reactions.
The size and shape of the clasts within the matrix vary with their mineralogy. Spinel porphyroclasts are rounded and/or elongate and boudinaged, and are replaced by phase mixtures at their boundaries (Figs. 6b, c) . Cpx and opx clasts are generally angular at the edges of the shear zone, rounded within the shear zone and have tails of dynamically recrystallized grains extending from their ends (Fig. 5b) .
Their internal microstructures are therefore interpreted to reflect the initial stages of deformation and localization, as discussed below.
Arcuate cracks emanate from the margins of the mylonitic matrix and terminate as interand transgranular fractures in the host rock (Figs. 5c, d ). These cracks are unrelated to the late cracks mentioned above, as they are truncated by the latter and contain olivine and brown, pargasitic hornblende (Figs 6, 7). They therefore formed under the same high-grade conditions as the mylonitic matrix. The terminations of the cracks are oriented synthetically with respect to the bulk sinistral displacement along the shear zone boundaries. Displacement parallel to the crack boundaries increases from the crack tips ( Fig. 5d ) to their confluence with the mylonitic shear zone (Fig. 5c ). Taken together, these observations indicate that the fractures opened as extensional shear fractures prior to and/or during viscous creep in the mylonitic matrix. Between these two grains is a thin mixed phase layer of plagioclase (pl), hornblende (hbl), olivine (ol), and clinopyroxene (cpx). (d) Detail of (e), showing the distribution of phases, plagioclase (dark, pl), olivine (lightest grey, ol), hornblende (darker grey, hbl), and clinopyroxene (lighter grey, cpx).
They appear to have propagated critically as inferred from their inter-and transgranular geometry, which is diagnostic of brittle intergranular and transgranular creep fracture (Gandhi & Ashby 1979) .
Some fractures in the type 1 shear zones are kinematically related to small pull-apart structures that contain a glassy, former melt phase (Fig. 4b , see also Obata & Karato 1995) . However, we do not think that deformation in the fine-grained mylonitic matrix described above involved melting because the thin layers of very fine-grained reaction products (plag, ol, hbl, cpx) alternate with monomineralic layers of dynamically recrystallized olivine. Dynamic recrystallization of olivine is indicative of lower strain rates than the seismic rates required to form pseudotachylite (e.g. Obata & Karato 1995) , especially at the high temperatures of the deformation. The mylonitization in the matrix may have occurred during post-seismic creep, as described below.
Low temperature
The microstructure of type 2 shear zones is typically cataclastic, with fragments of altered, high-grade minerals floating in a ultrafinegrained, locally foliated matrix of serpentine and chlorite (Fig. 8) . Evidence of this hydrous, greenschist facies overprint is also evident in type 1 shear zones, with transgranular serpentine-filled cracks cutting across the high grade matrix and porphyroclasts (Fig. 5c) . Even in the mylonitic matrix of the type 1 shear zones, a fine-grained mixture of chlorite + magnetite + serpentine forms pseudomorphs of former small spinel grains (Fig. 7d) . These pseudomorphs indicate that the retrograde phase 
Pressure-temperature conditions of type 1 shear zones
The BSE images of the very fine p l a g -h b lcpx-ol layers in Figure 6 indicate that these phases all formed from the breakdown of spinel according to the discontinuous reaction: sp + cpx + opx + H20 = an + hbl + ol.
This syntectonic reaction and phase assemblage provides good constraints on the P -T conditions of deformation (Fig. 9) . The spinel-lherzolite to plagioclase-lherzolite transition in the C F M A S H (CaO F e O -M g O -A 1 2 0 3 -S i O z -H 2 0 ) system occurs at pressures between 400-750MPa at temperatures of 700-1000°C (Gasparik 1987; Bucher & Frey 1994; Furusho & Kanagawa 1999) . This transition shifts to higher pressures at lower anorthite contents of the plagioclase, but there is almost no shift with pressure for anorthite contents between Ans0 to An100 (Gasparik 1987) . EDS spectra of plagioclase grains in our samples taken with the SEM (the grains are too small to be analysed with the electron microprobe) indicate almost no Na and Si/A1 ratios of approximately one, so that the anorthite content of the plagioclase is probably >An90. Thus, pressures for the type 1 shear zones can be approximated with the C F M A S H system, and the maximum pressure of the plagioclase lherzolite mylonite is about 600MPa at 1000°C (Fig. 9) .
Chlorite was not stable during deformation, and therefore temperatures must have exceeded about 750°C for the given low pressure range (chl-out curve, Fig. 9 ). The presence ofpargasitic Fig. 9 . P-T diagram for ultramafic rocks with the inferred pressure and temperature fields for the hightemperature shear deformation during Early Mesozoic rifting of the upper mantle. Stability fields and curves for stability of spinel and chlorite after Bucher & Frey (1994) , experimentally determined hornblende stability curves from Wallace & Green (1991) (amp hout, 1) and Niida & Green (1999) , (amph-out, 2). The probable maximum pressure and temperature range for the high temperature deformation of type l shear zones is indicated by grey shading. correspond to MORB pyrolite compositions (Niida & Green 1999, amph-out (2) curve in Fig. 9 ) and to depleted mantle compositions (Wallace & Green 1991, amph-out (1) curve in Fig. 9 ). The Balmuccia composition lies between these two compositions (Sinigoi et al. 1994) , so that the upper temperature limit of deformation was somewhere between 900 and 1000 °C. Deformation in type 1 shear zones therefore occurred within a maximum range of 750-1000 °C at pressures of 400 600MPa (shaded area in Fig. 9 ). Similar pressures were inferred for shear zones in the Balmuccia peridotite by Obata (1976) and Walter & Presnall (1994) .
The P -T conditions of strain localization within type 1 shear zones are consistent with conditions inferred for syntectonic microstructures in the pure olivine and clinopyroxene layers described above. Dynamic recrystallization of olivine in these layers constrains the temperature of deformation to have been at least 600-700 °C based on the extrapolation of laboratory flow laws for grain-size-insensitive power law creep of hydrous olivine to geological strain rates of 1 0 -n -1 0 14s-1 (Handy & Zingg 1991 , references therein). The 10-30 gm diameter of dynamically recrystallized olivine grains from the coarser grained laminae of the mylonitic matrix is consistent with differential stresses ranging from 100-200 MPa according to the laboratory grain size piezometer of Van der Wal et al. (1993) : D = 0.015/kc r-1"33, where D and Ao-are, respectively, the average grain diameter (in m)
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and differential stress (in MPa). These high differential stresses are only rough estimates but are consistent with the microstructural evidence that deformation in the sample occurred at the brittle-to-viscous transition.
The growth of pargasitic hornblende at the expense of clinopyroxene and in the presence of anhydrous reactants (sp, ol, cpx, opx) indicates that the reaction consumed water. The amount of water cannot have been great, however, given the small size and minor volume proportion of the hornblende grains.
The geodynamic significance of this syntectonic reaction is that strain localization in the type 1 shear zones was associated with a significant pressure drop. The spinel lherzolite that had equilibrated at a depth of about 34-44 km prior to localized shearing (Shervais 1979; Rivalenti et al. 1981 Rivalenti et al. , 1984 Sinigoi et al. 1994) was partly replaced by a plagioclase-hornblende lherzolite at shallower depths. Subsequently, the type 2 shear zones were active under hydrous greenschist facies conditions, probably at temperatures below 400°C, in view of the stable mineral assemblage described in the previous section (Trommsdorff & Evans 1974; Trommsdorff 1983; Bucher & Frey 1994) . Based on this information, a range of possible depths during deformation can be estimated from isotopic mineral cooling ages in the Ivrea-Verbano Zone and from a knowledge of geotherms in attenuating lithosphere. Accordingly, temperatures at the base of the attenuating Ivrea Verbano Zone decreased from 800 °C to below 300°C by Early to Middle Jurassic time (Handy & Zingg 1991 and references therein). At an assumed transient geothermal gradient of 30 °C/km during extensional shearing (e.g. Chapman 1986), these temperatures correspond to a depth range of 10-25 km for localized shearing in the Balmuccia peridotite.
Age of the shear zones Neither the shear zones nor the pseudotachylites in the Balmuccia peridotite have been isotopically dated, partly because dating such small volumes of heterogeneous, fine grained aggregates with current techniques poses a formidable analytical challenge and is likely to generate ambiguous numbers. For now at least, the age of the type 1 and 2 shear zones can be constrained by considering the temperature estimates above in the context of published isotopic mineral cooling ages in the Ivrea-Verbano Zone.
The high temperature, type 1 shear zones are overprinted by, and therefore certainly older than the type 2 shear zones, but younger than the penetrative foliation and annealed microstructure in the spinel lherzolite host rocks. The main foliation and annealing in the host rocks are dated at 300-320 Ma by analogy with similar sub-solidus, high-grade structures in mafic rocks and metasediments in the Ivrea-Verbano Zone (Handy et al. 1999) . Type 1 shear zones associated with high-grade pseudotachylites therefore post-date Variscan orogenesis. An Early Mesozoic (Late Triassic to Early Jurassic?) age for the type 1 shear zones and related pseudotachylites is likely in light of similar high-grade metamorphic conditions for mylonitic shear zones in the northeastern part of the IvreaVerbano Zone. There, the shear zones attenuate, and therefore post-date, isobars associated with 270-290Ma magmatism and metamorphism (Handy et al. 1999) . Furthermore, the petrological evidence in the type 1 shear zones for decompression and exhumation accords well with structural and petrological evidence in metabasic and pelitic rocks of the Ivrea-Verbano Zone for rapid cooling and E-W directed, extensional mylonitic shearing some 180-230Ma (Handy & Zingg 1991) . This extensional shearing is clearly related to the formation of Latest Triassic to Early to Middle Jurassic rift basins in the upper crust of the Southern Alps (Handy 1987) .
The <400 °C temperatures for the type 2 shear zones correspond roughly to closing temperatures for isotopic systems in biotite (K-At, RbSr, c. 300°C) and muscovite (K-Ar, c. 350°C), all of which yield 160-220Ma cooling ages in the Ivrea-Verbano Zone (Zingg et al. 1990 and references therein). Only near the greenschist facies mylonites of the Insubric Line do biotite ages locally fall below 160 Ma, presumably due to incipient chloritization associated with Tertiary deformation (Handy & Zingg 1991) . Thus, the published mica ages in the Ivrea Verbano Zone indicate that since 160Ma, temperatures in the lower crust and upper mantle of the Southern Alps never exceeded 300 350°C. Most deformation in the type 2 shear zones is therefore inferred to have occurred in temporal continuity with type 1 shear zones during Early Mesozoic rifting. However, given the proximity of the Balmuccia ultramafic body to the Tertiary Insubric Line (Fig. la) (Zingg et al. 1990; Techmer et al. 1993) .
To summarize, both type 1 and type 2 shear zones are believed to have formed during a single deformational event related to rifting in Early Mesozoic time. However, Tertiary (Alpine) reactivation of some type 2 shear zones cannot be ruled out.
Discussion
Micromechanisms o f strain localization
We interpret the type 1 and 2 shear zones in the Balmuccia ultramafic body to represent two successive stages of strain localization during rifting of the continental lithosphere of the Southern Alps in Early Mesozoic time. During stage 1, extensional shear fracturing under granulite facies conditions triggered the nucleation of ultrafine-grained mylonitic shear zones. This strain-dependent brittle-to-viscous transition is inferred to have occurred rapidly and in the presence of only minor amounts of fluid. The total amount of fluid introduced to the shear zones and contained in pargasite is estimated to be of the order of 0.1 wt% H20. The transition involved the spontaneous nucleation of lower pressure minerals (plag, hbl) along cracks and dilatant grain boundaries of the higher pressure phases (sp, cpx). Critical crack growth was therefore intimately related to the nucleation of minerals with larger molar volumes than the higher pressure phases which they replaced.
During stage 2, strain concentrated within very long, narrow shear zones at low angles to the preexisting foliation and subparallel to the extensional shearing plane. As discussed in the next section, these presently subvertical shear zones were originally subhorizontal to moderately dipping during Early Mesozoic extension. Localization involved the breakdown of olivine, pyroxene and hornblende to form the hydrous phases serpentine and chlorite in the fine-grained mylonitic matrix as well as in parts of the undeformed rock adjacent to the mylonites. This testifies to a significant influx of fluids during the latter stages of extensional deformation. Like the type 1 shear zones before, strain localization in the type 2 shear zones was closely related to dilatancy and syntectonic phase transformations in the presence of a hydrous fluid phase. Figure 10 shows a possible strength evolution for the two stages of strain localization outlined above. This evolution is speculative, based as it is on a correlation of microstructures in our samples with experimental microstructures and rheologies obtained at high temperatures and laboratory strain rates (Paterson 1987) . Nevertheless, it serves as a qualitative guide to the strain-dependent behaviour of the upper mantle during rifting.
The stress strain curve in this figure pertains to the entire volume of rock affected by deformation (i.e. the host lherzolite plus fractures and shear zones). An initial increase in stress just prior to fracturing is inferred from traces of low strain intracrystalline plasticity adjacent to fractures in the olivine grains of the wall rock (Fig. 5d) . Peak strength then coincided approximately with fracturing during the formation of the type l shear zones (Fig. 10) . Fracturing marked the onset of the spinel-to plagioclaselherzolite transition, which is limited to the immediate vicinity of the fractures. The fracturing increased permeability which in turn enhanced fluid infiltration. The interconnection of these fractures lined with very small strainfree grains drastically weakened the deforming rock, indicated in Figure 10 by a marked strength drop. This strength drop is inferred from numerous experimental and theoretical studies showing that significant weakening is induced by dynamic recrystallization (Zeuch 1982 (Zeuch , 1983 Tullis & Yund 1985; see de Bresser et al. 2001 for a recent discussion) and, more importantly, by a transition to diffusion or reaction-accommodated viscous granular flow (e.g. White & Knipe 1978; Stfinitz & Tullis 2001) . These mechanisms were detected in the mylonitic laminae of the type 1 shear zones, and have been recognized in gabbroic mylonites (Brodie & Rutter 1985; Sttinitz 1993; Kruse & Sttinitz 1999) as well as in peridotitic mylonites (Boullier & Guegen 1975; Newman et al. 1999; Furusho & Kanagawa 1999) . The high differential stress range (100-200MPa) estimated from the small sizes of dynamically recrystallized olivine grains was probably transient, and marked a short period of rapid slip parallel to the shear zone boundaries during and/or immediately after macroscopic failure at peak strength. The growth of the mylonitic matrix may have stabilized the deformation at a stress significantly lower than the peak strength recorded by the observed grain size of dynamically recrystallized olivine (Fig. 10) . It is interesting to note that strain partitioning within very fine-grained mylonitic microstructures like those observed in our samples has been produced in the laboratory at similarly high temperatures (900 °C) and high strain rates (7 = 5 x 10-Ss -1: StiJnitz et al. 1999) in similar lithologies. This lends credence to the idea that the mylonitic matrix deformed at very high strain rates and is related to the formation of pseudotachylite in nearby pull-apart structures (Fig. 4b) .
Continued shearing at decreasing temperature and lithostatic pressure may have induced nonlinear work-hardening (Fig. 10) due to the exponential (Arrhenius) dependence of viscous creep strength on temperature (Weertman 1970 ). However, the rock is inferred to have weakened again when serpentine and chlorite nucleated and grew at the expense of the highgrade minerals (Fig. 10) . Laboratory experiments indicate that serpentinite (Raleigh & Paterson 1965 ) has a laboratory strength several orders of magnitude less than the strengths of olivine and pyroxenes at comparable homologous temperatures and strain rates (Fig. 1 in Brodie & Rutter 1987b ). Below about 500-600 °C, olivine aggregates undergo cataclasis, even at low strain rates and very fine grain sizes (Handy 1989; Handy & Zingg 1991) , whereas sheet silicates deform by dislocation glide and/or creep parallel to their 001 surfaces (e.g. biotite: Wilson & Bell 1979; Kronenberg et al. 1990 ) at natural strain rates and temperatures down to 150-250°C (Lin 1997). On the crustal scale, the prime agent of weakening is inferred to have been the interconnection of the type 2 shear zones to form an anastomozing network subparallel to the extensional shearing plane. This is consistent with the observation above that most displacement was accommodated by type 2 shear zones.
The scenario above for the shear zones of the Balmuccia ultramafic body obviously does not preclude other strain localization mechanisms previously proposed for ultramafic rocks in the Ivrea-Verbano Zone. Indeed, a localization mechanism proposed for all occurrences so far is a strain-induced switch in deformation mechanisms for olivine from dislocation creep to viscous granular flow accommodated by grain boundary diffusion (Premosello body, Rutter & Brodie 1988; Balmuccia body, Jin et al. 1998) or syntectonic reaction (Finero body, Handy 1989 ). Yet, in all these studies pre-to syn-mylonitic fracturing and cataclasis have been either overlooked or attributed solely to late-mylonitic or post-mylonitic deformation under hydrous, sub-greenschist facies conditions.
Our study underscores the importance of combined fracturing and syntectonic metamorphism as a most effective agent of strain localization in the upper mantle (Vissers et al. 1997) . Moreover, it confirms the predictions of Drury et al. (1991) that hydrous brittle deformation in the upper mantle localizes at temperatures less than 900 °C. We note that the weakening associated with coeval fracturing and heterogeneous nucleation of transiently fine-grained reaction products is stress-and strain-induced and occurs within an initially very strong lithology. Induced weakening therefore differs fundamentally from weakening which results from the localization of mylonitic deformation within pre-existing weak lithologies (Ranalli & Murphy 1987) or inherited structures, as proposed for natural mylonites (granitic mylonites: Segall & Pollard 1983 , Segall & Simpson 1986 gabbro: Stfinitz 1993;  abyssal peridotite: Jaroslow et al. 1996) and as demonstrated in experiments (Tullis et al. 1990 ).
Despite their importance for localizing deformation in the upper mantle, type 1 shear zones are rarely preserved in naturally deformed peridotites. Due to overprinting during retrograde stage 2 deformation, the initial high temperature assemblages and microstructures of the type 1 shear zones are only preserved in narrow, 'arrested' zones of minor displacement at the margins and near the ends of the type 2 shear zones (Fig. 3b) .
Implications for fithospheric extensional faulting and weakening
Induced weakening of the upper mantle potentially determines the large-scale structure and theology of continental margins. The most striking consequence of the two-stage strength evolution outlined above is that the lithosphere may have weakened most where extrapolated experimental flow laws (e.g. as employed by Ranalli & Murphy 1987) indicate that it was initially strongest, viz., at the top of the lithospheric mantle. Fault rocks formed there evidently have microstructures and rheologies which changed with strain during exhumation. To assess these effects on the lithospheric scale, we briefly review Early Mesozoic extensional structures in the Ivrea-Verbano crustal section, as shown in map view in Figure la and in the restored section in Figure 11 .
Previous studies in the Ivrea-Verbano Zone have shown that rift-related attenuation of the lithosphere was accommodated primarily in quartz-rich granitoid and pelitic rocks within the Pogallo Shear Zone (Handy 1987; Handy & Zingg 1991) , at the base of the intermediate crust (Fig. 11) . The PSZ comprises retrograde amphibolite to greenschist facies mylonites, with cataclasites at its upper limit marking the Early Mesozoic, viscous-to-brittle transition in the crust (Handy 1987) . Related mylonitic shearing also overprinted granulite facies metabasites and metasediments within the former lower crust in the Ivrea-Verbano Zone (Brodie & Rutter 1987a; Zingg el al. 1990 excised a total of 20-25km of crust in Early Mesozoic time (Handy et al. 1999) . Regarded on the lithospheric scale, these extensional structures are interpreted by some authors to be part of an asymmetrical rift system, with the lower crust and upper mantle of the Apulian margin, represented here by the Ivrea-Verbano Zone exposed in the lower plate of a uniformsense master fault dipping to the west beneath the opposite European margin (Lemoine et al. 1987; Stampfli & Marthaler 1990; Vissers et al. 1991; Favre & Stampfli 1992; Froitzheim & Manatschal 1996) . Unfortunately, this purported master fault is not exposed, either because it never existed or because Alpine overprinting of rift-related structures in the deep parts of the opposite European margin (all of which are located north and west of the Insubric Line in Fig. 1 ) was so complete. However, field studies clearly show that currently exposed Early Mesozoic shear zones were originally E-dipping (i.e. toward the rifted Apulian margin), both in the Ivrea-Verbano Zone and in the lower AustroAlpine Margna-Sella units (Mfintener & Hermann 2001) . Together, these shear zones are inferred to have exhumed lower crustal and subcontinental, upper mantle rocks, as depicted in Figure 11 (Handy 1987; Handy & Zingg 1991) . The Strona-Ceneri and Sesia Zones adjacent to the Ivrea-Verbano Zone (Fig. 1) formed, respectively, shallower and more distal parts of this lower plate margin (Fig. 11, Schmid 1993; Froitzheim & Manaschal 1996) .
The limited displacement along the type 1 and 2 ultramafic shear zones in this paper suggests that they accommodated only a small proportion of the total extension within this extensional system. The type 1 shear zones are therefore small-displacement analogues for incipient extensional detachment faults in the uppermost mantle (A in Fig. 11 ), some of which are inferred to have connected upwards through the crust to faults bounding rift basins.
The critical growth of dilatant shear cracks and spontaneous nucleation of weak, lower pressure reaction products just prior to and/or during mylonitic shearing in the type 1 shear zones suggests that deformation of the upper mantle rocks may have begun after they had already entered the low pressure stability field for plagioclase lherzolite. Initial exhumation of the mantle must therefore have occurred within the overlying crust, along the Pogallo Shear Zone. The juxtaposition of hot mantle rock with cooler crustal rocks is reflected in the contrasting P-T paths for the mantle and crustal rocks in the Ivrea-Verbano Zone. While the exhulrfing mantle rocks underwent pronounced cooling (Fig. 9) , the overlying crustal rocks were initially heated by these relatively hot mantle rocks in the footwall (Fig. 3c in Handy et al. 1999) .
During this initial stage of exhumation, the upper mantle was stronger than the overlying crust (initial strength profile for the upper mantle in Fig. 11 ) and is inferred to have acted as a stress guide. Differential stress within this layer increased until it attained the fracture strength of upper mantle rock. Fracturing allowed the ingress of fluids and facilitated the phase changes which led to pronounced weakening in the type 1 shear zones. With continued stretching, a massive influx of fluids and the coalescence of serpentinitic, type 2 shear zones (B in Fig. 11 ) effected further weakening of the upper mantle. At this stage, the strength of the upper mantle is inferred to have dropped below that of the lower crust, as indicated by the arrow just below the Moho on the strength versus depth diagram in Figure 11 .
The scenario above has several implications for the evolution of rifted continental margins. First, the lower crust is ultimately the strongest rather than the weakest layer and exceeds the strength of the upper mantle just beneath the Moho (Handy 1989) . This is at odds with many models that incorporate a weak lower crust and strong upper mantle (e.g. Chen & Molnar 1983; McKenzie et al. 2000) . However, a recent reassessment of seismological data from the continental lithosphere indicated that earthquakes are rare in the lithospheric mantle and usually occur in the crust (Maggi et al. 2000) , lending support to the idea that, at least in some places, the lower crust is stronger than the upper mantle. Second, large extensional faults probably root within the top of the lithospheric mantle, rather than within the lower crust as previously proposed (e.g. Reston 1990 ). Lithospheric attenuation in rifted margins is therefore inferred to involve progressive delamination (see Fig. 3b of Lister et al. 1991 ) along layer-parallel weak zones (Brun & Beslier 1996) that nucleated within initially strong layers. The linkage of such strong-then-weak layers within the lithosphere leads to the formation of noncoaxial, trans-lithospheric shear zones with different rheologies in different depth-intervals. Noncoaxial extensional faults that transect the lithosphere are therefore believed to develop towards the end of rifting, rather than at the beginning as proposed by Wernicke (1985) . Third, the formation of trans-lithospheric shear zones with very weak fault rocks in the distal parts of rifted margins (C in Fig. 11 ) is predicted to reduce the overall strength of the attenuating crust and therefore to accelerate rifting. Indeed, Vissers et al. (1995) have pointed out that the development of one or more through-going extensional shear zones may be responsible for increased spreading velocity in the Liguro-Piemontese domain from pre-middle Jurassic values of 0.5cm/a to 2cm/a from the middle Jurassic breakup onwards (Savostin et al. 1986 ). Finally, trans-lithospheric shear zones comprising weak, serpentinic mylonites and cataclasites in their shallowest segments (C in Fig. 11 ) may be responsible for the exhumation of subcontinental lithospheric mantle in continent-ocean transitional domains as observed, for example, in submarine surveys of the non-volcanic Galicia margin off the coast of Spain (Boillot et al. 1995) .
Inclined extensional shear zones like those depicted in Figure 11 are not necessarily diagnostic of uniform sense simple shear (Wernicke 1985) , but can be interpreted as localized noncoaxial shear of distal parts of the rifted continental margin within an overall regime of lithospheric scale pure shear (Brun & Beslier 1996) . This scenario was first proposed for the latter stages of rifting of the lower plate Apulian margin by Handy (1987) and contrasts with other reconstructions of the Apulian margin in which lithospheric attenuation was accommodated solely by simple shear along uniformsense master faults dipping either to the east (Trommsdorff et al. 1993) or west (e.g. Froitzheim & Manatschal 1996) . In scaled analogue models of rheologically stratified, continental lithosphere subjected to vertical shortening and lateral, pure shear extension, Brun & Beslier (1996) showed that rheological instabilities within an initially stiff upper mantle layer induced asymmetrical rift geometries, such that a conjugate set of non-coaxial, extensional shear zones developed at the base of the lithosphere. Inserting weaker material at the top of the lithospheric mantle accentuated this asymmetry, favouring the further growth of one of these non-coaxial shear zones to accommodate rapid extensional exhumation of subcontinental mantle rock in its footwall, as modelled by Callot et al. (2001) . The strikingly similar geometries of the rifted margins in the scaled models with the reconstructed Tethyan passive margins suggests that strain-dependent weakening at the top of the lithospheric mantle may well have facilitated extensional exhumation of the subcontinental mantle.
Conclusions
The ultramafic shear zones within what was originally the deepest part of the Ivrea-Verbano Zone (northern Italy) formed at or near the Moho during Early Mesozoic rifting of the non-volcanic, Apulian continental margin. They accommodated only small displacements and are therefore regarded as examples of incipient extensional detachment in the subcontinental mantle.
Two types of shear zones with different mineral parageneses and deformational microstructures formed during successive stages of extensional exhumation of the subcontinental mantle. (1) Shear zones at moderate to high angles to the pre-existing foliation in the host spinel lherzolite involved strain localization by initial fracturing transitional to viscous granular flow under retrograde, high temperature conditions. (2) Very long, narrow cataclastic shear zones coated with serpentine and chlorite accommodated most of the extensional strain under hydrous, low temperature (greenschist facies) conditions. These shear zones are oriented at low angles to the pre-existing foliation.
In type 1 shear zones, brittle-viscous shearing coincided with pronounced decompression, as inferred from the syntectonic replacement of a high-pressure assemblage (ol-cpx opx-sp) by an hydrous lower pressure (ol-plag hbl) assemblage. Phase equilibria constrain this reaction to have occurred at 750 1000°C at pressures of 400-600MPa. Syntectonic decompression is consistent with widespread evidence in the Ivrea-Verbano Zone for marked cooling and exhumation of the Apulian continental margin in Early Mesozoic time. The dominant deformation mechanism in the ultrafine-grained reaction products is inferred to have been viscous grain boundary sliding, probably accommodated by diffusional mass transfer along the grain boundaries.
The strain-dependent changes in mineralogy and deformation mechanisms above are believed to have decreased ultramafic rock strength by at least an order of magnitude from its peak value of about 100-200MPa just after the onset of fracturing. These rocks weakened even further once type 2 shear zones containing serpentine and chlorite coalesced subparallel to the bulk extensional shearing plane.
Our findings suggest that extensional detachments nucleate as cracks at or near the top of the, initially hard, upper mantle. There, ultramafic rocks weaken with strain as grain size is reduced by cataclasis and heterogeneous nucleation of very fine-grained reaction products. The upper mantle therefore evolves into a low viscosity detachment layer sandwiched between stronger mafic lower crust above and mantle below. In the case of the Apulian continental 404 M. R. HANDY & H. STISNITZ margin, the interconnection of several such detachment layers to form large, non-coaxial extensional fault zones may have caused the observed Mid-Jurassic increase in rifting rate between Europe and Apulia. Such weak faults zones may also have accommodated extensional exhumation of subcontinental Apulian mantle within the continent-ocean transition zone.
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